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a b s t r a c t

TiO2 thin films were deposited on ITO (indium–tin-oxide)-buffered glass by pulsed laser deposition. Bipo-
lar resistive switching behaviors of Ag/microcrystalline TiO2/ITO stacked structures were systematically
investigated. Dependence of switching voltage and band gap energy on deposition temperature were also
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iO2 thin films
ulsed laser deposition

analyzed. Results indicate that the reset voltages and band gap energy (Eg) vary from −0.9 V to −6.8 V
and 3.26 eV to 3.18 eV respectively, while the TiO2 films were formed from 300 ◦C to 600 ◦C. These bipolar
switching phenomena have been also discussed based on the Schottky barrier at the Ag/TiO2 interface
structure.

© 2008 Elsevier B.V. All rights reserved.
ipolar
esistive switching

. Introduction

Resistive switching and voltage controlled negative differen-
ial resistance phenomena have been observed since the 1960s
1]. In recent years, resistive switching in simple binary transi-
ion metal oxide (TMO) thin films, such as NiO and TiO2, attracts
reat interests for possible applications in nonvolatile memory
evices [2–14]. Compared to more complex materials such as
r1−xCaxMnO3 [15,16], La1−xCaxMnO3 [17] or Cr-doped SrZrO3 [18],
hese simple binary oxide TMO materials exhibit advantages not
nly in their relative simple fabrication process, but also in their
ompatibility with CMOS processes. As for switching mechanism,
any studies attributed it to filament conduction theory which is

losely related to the formation and rupture of conducting filaments
6,9]. It is assumed that the filaments are formed by percolation of
ome kind of defects. In TiO2, the most probable defects are tita-
ium interstitials or oxygen vacancies. However, the exact nature
f the filaments and the actual mechanism of resistive switching in

iO2 films have not been clearly understood yet.

Although the nature of the resistance change produced by apply-
ng a unipolar or bipolar voltage has not yet been characterized in
etail, many studies have been done to explain the bipolar resis-
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ciences, 1295 Ding Xi Road, Shanghai 200050, China.

E-mail address: lixm@mail.sic.ac.cn (X. Li).
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tance switching behaviors. Fujimoto et al. [14] reported that the
Mott transition in the nanoactive TiO2 layer adjacent to the top Pt
electrode properly explained the switching polarity of the mem-
ory cell. However, Tsunoda et al. [19] suggested that the bipolar
switching phenomena could be ascribed to the formation and rup-
ture of a filamentary conductive path which consists of a chain of
Ag atoms. Whereas in complex materials such as Pr1−xCaxMnO3,
the resistance change produced by applying a bipolar voltage pulse
to Pr1−xCaxMnO3 is ascribed to a Schottky barrier formed at the
metal–insulator interface by carrier trapping levels [20,21].

In this work, we investigated the influence of the temperature
on the resistive switching properties and the optical properties of
the TiO2 thin films, and found that the TiO2 thin films with Ag elec-
trodes exhibited a bipolar characteristic. In addition, an increase of
the deposition temperatures between 300 ◦C and 600 ◦C led to a
decrease of the band gap energy (Eg). The band gap evolution of the
TiO2 thin films might be attributed to the electronic disorder due
to oxygen deficiency at a higher oxidation temperature [22].

2. Experimental details

The TiO2 films employing a stoichiometric ceramic TiO2 target
were grown on commercial conducting ITO (indium–tin-oxide)-

buffered glass substrates by a pulsed laser deposition technique.
The substrate temperatures were varied from 300 ◦C to 600 ◦C
under 20 Pa oxygen pressures during ablation. After deposition, the
film was cooled to the ambient temperature in one atmosphere of
oxygen. Ag top electrode with diameter of 1.0 mm was formed by

http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
mailto:lixm@mail.sic.ac.cn
dx.doi.org/10.1016/j.mseb.2008.12.005
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face, after “set” process during a positive linear voltage sweep, a
same bias voltage cannot make it achieve the “reset” process due
to the Schottky barrier. On the other hand, application of nega-
tive bias voltage could make the current to reach the “reset” value
without the Schottky barrier. This resistance switching behavior
ig. 1. Schematic view of the sample and the overall circuit arrangement used in the
easurement of the electrical characteristics.

ask printing and curing (200 ◦C for 20 min) of Ag-loaded epoxy
aste to acquire a high electrical conductivity.

A schematic diagram of the device structure and the measure-
ent circuit is shown in Fig. 1. Current–voltage (I–V) characteristics
ere examined by Kerthley 2410c source meter unit. Current flows

rom Ag to ITO electrode in positive bias and vice versa in neg-
tive bias. Scanning electron microscopy (SEM) was employed to
haracterize the morphology of as-grown films. An UV–visible
ransmittance spectra was used to characterize the optical prop-
rties of the resulting TiO2 films.

. Results and discussion

Fig. 2 displays the cross-section and top view SEM images of
he TiO2 films deposited at 400 ◦C under 20 Pa oxygen ambient
ressures. The microstructure of TiO2 layer is probably like micro-
rystalline consisting of columnar grains (see Fig. 2a for a 100 nm
hick film) with in-plane grain diameters from 20 nm to 50 nm (see
ig. 2b).

Fig. 3 represents the typical I–V characteristics of Ag/TiO2/ITO
tructures during a linear voltage sweep. The voltage is applied to
he Ag electrode while the ITO electrode is grounded. As the applied
oltage increases from zero to positive, a sudden decrease in resis-
ance from a high-resistance state (HRS) to a low-resistance state
LRS), the so-called set process, occurs at 2.5 V without forming (the
rrow denoted “2” in Fig. 3). The current compliance in the set pro-
ess is limited to 10 mA. The LRS is stable even after removal of
he applied voltage. As the applied voltage increases from zero to
ositive again, there is no sudden change in resistance. But if the
pplied voltage is swept from zero to negative bias after the set,
he resistance increases abruptly from the LRS to the HRS at −1.8 V
the arrow denoted “5” in Fig. 3), the so-called reset process. This
ycle exhibits a so-called bipolar behavior which is different from
unipolar behavior that reported by other authors [9,10]. Both the
ipolar and unipolar switching are mostly thought to be attributed
o filament conduction theory which is closely related to formation
nd rupture of conducting filaments [9,11–14,19].

So far, it was suggested that bipolar switching could be due to
n explicit asymmetry such as a poling (training) of the oxide pro-
uced by large electric pulses [23]. Hosoi et al. has demonstrated

hat the bipolar switching seen in an apparently symmetric sand-
ich can be turned into a unipolar one by introducing the external

symmetry [24]. The bipolar behavior in Ag/TiO2/ITO stacked struc-
ures also could be ascribed to the external asymmetry. As a bipolar
ehavior is also found in Ag/TiO2/Pt structures in our experiment,
Fig. 2. SEM images of TiO2 films deposited at 400 ◦C under 20 Pa oxygen ambient
pressures. (a) Cross-section and (b) top view.

we can assume that this bipolar behavior in Ag/TiO2/ITO stacked
structures is mainly attributed to the Ag/TiO2 interface. Accord-
ing to the Schottky contact model, when a metal-oxide contact is
formed, the characteristics of contact can be simply determined by
the difference between the metal work function and the Fermi level
of a semiconductor. As the work function of TiO2 is less than that
of the Ag, a Schottky barrier can be formed at the Ag/TiO2 inter-
Fig. 3. Typical I–V curves of Ag/TiO2/ITO structure obtained during successive resis-
tance switching measurements with a current compliance of 10 mA.
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Fig. 6. Resistance change ratios (RH/RL) of the TiO2 films deposited at different tem-
peratures from 300 ◦C to 600 ◦C under 20 Pa oxygen ambient pressures.
ig. 4. Bipolar resistive switching characteristics of the TiO2 films deposited at dif-
erent temperatures from 300 ◦C to 600 ◦C under 20 Pa oxygen ambient pressures

easured at room temperature.

xhibits polarity characteristics. The Schottky barrier at the Ag/TiO2
nterface explains the switching polarity of the memory cell.

Fig. 4 shows the typical I–V characteristics of TiO2 films
eposited at different temperatures from 300 ◦C to 600 ◦C during a

inear voltage sweep. They are shown in both cases for logarithmic
cale. It is found that the reset voltages vary from −0.9 V to −6.8 V
ith the deposition temperature increasing from 300 ◦C to 600 ◦C,
hereas the set voltages do not exhibit obvious dependence on the
eposition temperature, as shown in Fig. 5. The value of RH/RL is
efined as resistance change ratio, which is obviously influenced
y the deposition temperature. For the sample prepared substrate
emperature of 400 ◦C, the resistance change ratio can reach about
00, as shown in Fig. 6, which is attributed to varies of both RH and
L. It is assumed that a proper concentration of defects in TiO2 film
uch as oxygen vacancies (VO

2+) and Ti interstitials (Tii4+) is needed
o obtain a large resistance change ratio.

In order to investigate the change of the concentration of defects
n TiO2 films, we characterized the optical properties of the result-
ng TiO2 films deposited at different temperatures. When the
emperature is increased from 300 ◦C to 600 ◦C, the value of Eg

ecreased from 3.26 eV to 3.18 eV, as shown in Fig. 7. This is consis-
ent with the change of initial resistance (measured at 0.1 V) of TiO2

lms. An increase in the deposition temperatures between 300 ◦C
nd 600 ◦C led to a decrease in the initial resistances. It is reason-
ble to assume that the oxygen deficient TiO2 film is much more
onducting than the stoichiometric one irrespective of whether the

ig. 5. ‘Set’ and ‘reset’ voltages for V-sweep measurements of Ag/TiO2/ITO samples,
lotted against the deposition temperature.
Fig. 7. Band gap energy (Eg) and initial resistances for the TiO2 films deposited at
different temperatures.

major defect type is oxygen vacancies (VO
2+) or Ti interstitials (Tii4+)

[25]. It is considered that oxide films fabricated at high temperature
contains fewer deficiencies attributing to the improvement of crys-
tallinity. However, on the other hand, because of the low vacuum,
high temperature can result in the decomposition of formed TiO2
films or the breaking away of oxygen atoms in TiO2 films. Thus,
the band gap evolution of the films is probably attributed to the
electronic disorder due to oxygen deficiency at higher deposition
temperature.

4. Conclusions

In summary, bipolar resistive switching behaviors have been
found and evaluated in Ag/TiO2/ITO structures in which micro-
crystalline TiO2 film was formed by the pulsed laser deposition at
different growth temperature from 300 ◦C to 600 ◦C. The resistance
ratio can reach about 500 at the deposition temperature of 400 ◦C
due to a proper concentration of defects in TiO2 film. The bipolar
resistive switching phenomenon could be ascribed to the Schottky
barrier at the Ag/TiO2 interface. A same bias voltage cannot make
it achieve the “reset” process due to the Schottky barrier.
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